The thermal effect of CO 2 high-power laser cutting on cut surface of steel plates is investigated. The effect of the input laser cutting parameters on the melted zone depth (MZ), the heat affected zone depth (HAZ), and the microhardness beneath the cut surface is analyzed. A mathematical model is developed to relate the output process parameters to the input laser cutting parameters. Three input process parameters such as laser beam diameter, cutting speed, and laser power are investigated. Mathematical models for the melted zone and the heat affected zone depth are developed by using design of experiment approach (DOE). The results indicate that the input laser cutting parameters have major effect on melted zone, heat affected zone, and microhardness beneath cut surface. The MZ depth, the HAZ depth, and the microhardness beneath cut surface increase as laser power increases, but they decrease with increasing cutting speed. Laser beam diameter has a negligible effect on HAZ depth but it has a remarkable effect on MZ depth and HAZ microhardness. The melted zone depth and the heat affected zone depth can be reduced by increasing laser cutting speed and decreasing laser power and laser beam diameter.
Introduction
Laser cutting process is used extensively in industries to achieve complex shapes with close tolerances. Compared to conventional cutting, laser cutting has more advantages such as small heat affected zone, accurate cutting, noncontact processing, and short time of processing [1] . The manufacturers are interested in using the laser cutting to optimize both the quality and the productivity of the items made by this process. The productivity and the quality are essentially related to the selection of the suitable parameters of laser cutting such as laser power, laser beam diameter, and cutting speed [2] [3] [4] . During laser cutting process, we have a thermal interaction and a mechanical interaction between matter and the laser cutting parameters. The heat affected zone (HAZ) is the zone of the base material which has not melted but whose microstructure and mechanical properties were affected by the heat generated during laser cutting. The heat generated by the laser cutting process and after cooling causes this change in the region near the cut surface. The heat affected zone may lead to undesirable effects such as fatigue resistance, surface cracking, and distortion. So, it is interesting to select the appropriate laser cutting parameters in order to minimize the heat affected zone.
Several studies were performed to examine the effect of the input laser cutting parameters on the quality of the cut surface and the heat affected zone.
Eltawahni et al. [5] have investigated the effect of laser cutting parameters on the kerf width and the cut surface roughness of MDF composite material. They have shown that the upper and lower kerf widths decrease as cutting speed increases and they increase as laser power increases. An experimental investigation of laser cutting of polymeric materials was done by Choudhury and Shirley [6] . They have concluded that the heat affected zone depth is proportional to laser power and inversely proportional to compressed air pressure and cutting speed. Radovanovic and Dasic [7] have examined the influence of laser cutting parameters 2 Advances in Materials Science and Engineering on the roughness of cut surface for mild steel. They have concluded that the cut surface roughness increases as the sheet thickness increases and decreases as the laser power increases. Miraoui et al. [8, 9] have analyzed the surface roughness, microhardness, and microstructure of stainless steel sheet made by high-power laser cutting. They have indicated that the cutting of stainless steel sheets made by high-power laser had major effects on the microstructure and the roughness of the cut surface. They have showed that the laser cutting leads to the formation of cracks and periodic striations at the cut surface. Rajaram et al. [10] have investigated the CO 2 laser cut quality of 4130 steel and they have shown that the kerf and HAZ widths were influenced significantly by laser power, while cutting speed has played a minor role. Kumar Dubey and Yadava [11] have optimized the laser beam cutting process using a hybrid Taguchi method and response surface method with multiperformance characteristics for thin sheet of high silicon-alloy steel. An experimental investigation of the laser cutting parameters for ceramic composite was done by Quintero et al. [12] . They have indicated the influence of cutting speed, frequency, and assist gas pressure on heat affected zone. Prasad et al. [13] have discussed the laser cutting of metallic coated sheet steels of 1 mm as thickness. Miraoui et al. [14] have analyzed the effect of laser beam diameter on the melted zone and microhardness beneath the cut surface. They have concluded that the width of the melted zone depends on the laser beam diameter. Li et al. [15] have used the experimental method of Taguchi to obtain the optimal laser cutting parameters. They have concluded that the quality of laser cutting of QFN packages depends mainly on laser frequency, cutting speed, and laser driving current. Huehnlein et al. [16] have used the design of experiment (DOE) approach to optimize the laser cutting of thin ceramic layers. Miraoui et al. [17] have studied the effect of laser beam diameter and laser power on cut surface roughness of steel plates. They have indicated that the influence of laser beam diameter on cut surface roughness is negligible and the increasing of laser power improves the surface roughness. Grum and Zuljan [18] have analyzed the heat for laser cutting of steel. They have shown that the cutting quality was influenced by the high temperature zone developed in the cutting front.
In this study, the heat affected zones of low carbon steel plates obtained by CO 2 laser cutting were investigated. Laser power, cutting speed, and laser beam diameter were varied in order to analyze the effect of these input laser cutting parameters on heat affected zone depth and on microhardness beneath the cut surface. Design of experiment approach has been used in order to predict the relationship between the process parameters and heat affected zone depth.
Experimental Methods
The cutting operations were performed on a CO 2 laser machine type AMADA AS 4000 E. The dimensional capacity of this machine is 3000 × 1500 mm with an accuracy of cutting of ±0.1 mm. For experimentation, low carbon steel sheet with thickness of 8 mm was used. The dimensions of Table 1 : Chemical composition of S235 steel (wt%).
the workpiece were 15 mm in width and 30 mm in length (see Figure 1 ). Chemical composition of this steel structure is given in Table 1 , in which the Max% levels of elements are indicated. The mechanical properties of this steel (S235) are presented in Table 2 . Cutting specimens were investigated experimentally using nominal output laser power ( ) ranged from 3 to 5 kW, laser beam diameter ( ) ranged from 1 to 2 mm, and cutting speed ( ) ranged 600-2200 mm/min. Figure 2 shows the experimental arrangement used in this study.
Vickers microhardness tester under a load of 50 g, during 10 s, was used to measure the microhardness beneath the cut surface of the specimens. The heat affected zone depths were measured by using optical microscopy. In order to examine the microstructure changes resulting from the laser cutting, we have used scanning electron microscopy, SEM. 
Results and Discussion

Microstructure Analysis.
The heat generated by the laser cutting process and after cooling has affected the microstructure of the region near the cut surface (HAZ). In the base material zone (BM), the material has not undergone any structural transformation (Figure 3 ). The result of microscopic analysis revealed the presence of a layered structure on the workpiece structure. Figure 4 shows the presence of a white layer called melted zone (MZ): zone of interaction beam-metal. Full view and magnified image of cut surface microstructure is shown in Figure 5 . It can be seen that laser cutting leads to the formation of cracks at the cut surface. Laser cutting had major effect on cut surface quality.
HAZ Depth Analysis
Experimental Study.
The HAZ depth (zone beneath the cut surface) is one of the main performances of laser machining. The dimension of the heat affected zone (HAZ) was analyzed using optical microscope. HAZ is the area of the work material which was not melted during cutting but its microstructure was affected by the intense heat during laser cutting. While in the base material zone, the material has not undergone any structural transformation (see Figures 3 and 6) . The interface between HAZ and base material (BM) is the limit between the affected and unaffected microstructure. To study the influence of the input laser cutting parameters (laser power, laser beam diameter, and cutting speed) on the HAZ depth, seven HAZ values of each specimen were measured using optic microscope and an average was calculated for each specimen (see Figure 6 ). Figure 7 presents the effect of laser power and cutting speed on HAZ depth. These results indicate that laser power and cutting speed had major effect on heat affected zone. HAZ depth increases as laser power increases and it decreases as cutting speed increases. The variations of HAZ depth depending on laser beam diameter and laser power are presented in the curves of Figure 8 . It was shown that laser beam diameter has a negligible effect on HAZ depth.
Modelling.
The statistical processing of the experimental results enabled development of model equations to determine the HAZ depth according to the cutting parameters (laser power, laser beam diameter, and cutting speed). The DOE approach (Taguchi method) has been used to develop the model equation. The input process parameters and their levels used in the designed experiment are given in Table 3 . The measured values of HAZ corresponding to each experimental condition are listed in Table 4 .
Analysis of variance (ANOVA) has been carried out to determine the significant model terms. This method has a gap that gives estimation value with an error 5%. Analysis of variance indicates that, on a significance level of 5%, laser This equation shows that HAZ depth decreases with cutting speed and increases with laser power. The effect of laser power is more important than the effect of cutting speed on HAZ depth. It is clear that laser beam diameter has a negligible effect on HAZ depth. Laser power is the most important parameter affecting the HAZ. The increase in laser power generates the increase of the cut surface temperature which causes the increase of the heat affected zone. During the cooling period, it will have a change of phase in the solid state which is reflected in the increase of the heat affected zone depth. When the cutting speed is rapid, the propagation of heat in the sample is done in a shorter period of time which allows minimizing the cut surface damage and therefore Cutting speed (mm/min) P = 3 kW; experimental P = 3 kW; model P = 4 kW; experimental P = 4 kW; model P = 5 kW; experimental P = 5 kW; model has a thermally finer affected zone. All these results are in good agreement with the experimental study, as shown in Figure 9 . The combined effects of laser cutting speed and laser power on HAZ depth are shown in Figure 10 , where laser beam diameter ( ) is kept at 1 mm. Figure 11 presents the effects of laser power and laser beam diameter on HAZ depth by keeping the laser cutting speed ( ) as constant at 600 mm/min. To confirm the adequacy of the developed models, three confirmation experiments were performed using new test conditions. The values of HAZ of the confirmation experiments which were determined using the developed model show good agreement with the experimental values (see Table 5 ).
Analysis of MZ Depth.
To study the influence of the input laser cutting parameters (laser power, laser beam diameter, and cutting speed) on the MZ depth (the zone of interaction beam-metal), we have measured the average MZ depth from several measurements performed at the surface perpendicular to the cut surface (see Figure 12) . A mathematical model for the melted zone depth is developed by using design of experiment approach (DOE). Taguchi method was used to determine the mathematical relationship between the response (MZ depth) and the input laser cutting machining (laser power, laser beam diameter, and cutting speed). The input process parameters and their levels used in the designed experiment are given in Table 3 . The measured values of MZ corresponding to each experimental condition are listed in Table 6 . Analysis of variance (ANOVA) indicates that, on a significance level of 5%, laser power, cutting speed, and laser beam diameter are the most significant model terms, but their interaction does not have a significant effect on MZ. It was observed that laser power and laser beam diameter are the most significant and the cutting speed is the least significant cutting parameters affecting the MZ.
From the experimental data of MZ depth, we have developed the following model equation:
It is clear that MZ depth decreases with cutting speed and increases with laser power. It can be seen that MZ depth increases with laser beam diameter, contrary to HAZ depth in which the diameter has a negligible effect. Laser power is the most important parameter affecting the MZ. The increase in laser power generates the increase of the cut surface temperature which causes the increase of the melted zone. If the cutting speed is rapid, the propagation of heat in the sample is done in a shorter period of time which allows minimizing the cut surface damage and therefore has a thermally finer MZ. The combined effects of laser cutting speed and laser power on MZ depth are shown in Figure 13 , where laser beam diameter ( ) is kept at 1 mm. Figure 14 presents the effects of laser cutting speed and laser beam diameter on MZ depth by keeping the laser power ( ) as constant at 3000 W.
To confirm the adequacy of the developed models, three confirmation experiments were carried out using new test conditions. The input laser cutting parameters, the experimental values, the modelled values, and the percentages of error are given in Table 7 . These results indicate that all the values of the percentage of the error are acceptable.
Analysis of HAZ Microhardness.
This section discusses the effects of the input laser cutting parameters (laser power, laser beam diameter, and cutting speed) on the HAZ microhardness. The microhardness profile across machined surface depths produced at different laser power (cutting speed and laser beam diameter are constant) is shown in Figure 13 . It was shown that the maximum microhardness is observed near the cut surface and gradually decreases until it reaches the microhardness of the base material (120 HV: the ordinary microhardness of low carbon steel S235 used in this work). Laser cutting has a thermal effect on the original structure due to the high temperature reached at the cut edge followed by a high rapid cooling. This results in a hardening zone at the cut edge (HAZ). As shown in Figure 15 , the microhardness in the HAZ increases as laser power increases. Distance from cut surface (mm) V = 600 mm/min V = 1200 mm/min V = 2200 mm/min Figure 16 presents the effect of cutting speed on HAZ microhardness. It is clear that the microhardness in the HAZ decreases as cutting speed increases. The effect of laser beam diameter on HAZ microhardness is shown in Figure 17 . These results indicate that laser beam diameter has an effect on HAZ microhardness. It decreases as laser beam diameter increases.
Conclusions
High-power CO 2 laser cutting of low carbon steel plates is examined and the effects of the input process parameters such as laser power, laser beam diameter, and cutting speed on heat affected zone and melted zone have been investigated. The scanning electron microscopy and the optical microscope are used to analyze the microstructure and the HAZ depth. The microhardness beneath the cut surface was measured by using Vickers microhardness. Design of experiment approach has been used to predict the relationship between the input process parameters and the response (heat affected zone and melted zone). From the present work, the following conclusions can be drawn. The depth of MZ, the depth of HAZ, and the microhardness of HAZ depend on the input process parameters. The laser power and the cutting speed are the most significant and the laser beam diameter is the least significant cutting parameters affecting the HAZ. However, the laser power and the laser beam diameter are the most significant and the cutting speed is the least significant cutting parameters affecting the MZ. The dimension of HAZ increases as laser power increases, and it decreases as cutting speed increases. The MZ depth decreases with cutting speed and increases with laser power. Results show that MZ depth increases with laser beam diameter, contrary to HAZ depth in which the diameter has a negligible effect. Laser power is the most important parameter affecting the MZ. The microhardness in the HAZ increases as laser power increases, and it decreases as cutting speed and laser beam diameter increase. The undesirable thermal effect of laser cutting of low carbon steel plates can be reduced by increasing laser cutting speed and decreasing laser power and laser beam diameter.
